Diversity in host range, pathogenicity, phenotypic characteristics, repetitive extragenic palindromic polymerase chain reaction (rep-PCR) profiles, and sequence of the 16S-23S rDNA spacer region was examined among 44 Xanthomonas strains isolated from lettuce. Forty-two of the strains were divided into two groups, designated A and B. Seventy percent were Group A, and most of the remaining strains including a reference strain (LMG 938) were Group B. Group A strains induced both local and systemic symptoms, whereas Group B strains caused only distinct necrotic spots. Two strains, including the X. campestris pv. vitians type strain, were distinct from the Group A and B strains and were not pathogenic on lettuce. Analysis of fatty acid profiles, serotype, carbon substrate utilization patterns, and protein fingerprints confirmed this grouping. The Group A and B strains also formed two unique clusters (I and II) by rep-PCR profiling that corresponded to the two groups. Direct sequencing of a PCR-amplified DNA fragment (680 bp) from the 16S-23S rDNA spacer region of four representative strains, however, did not differentiate these groups. Serology and rep-PCR fingerprinting can be used to diagnose and identify X. campestris pv. vitians strains, while the other analyses evaluated are useful for strain characterization.
Bacterial leaf spot, caused by Xanthomonas campestris pv. vitians (Brown) Dye, is an important pathogen of lettuce (Lactuca sativa L.) worldwide. Since 1995, serious outbreaks of the disease have occurred on lettuce cultivars grown in Ohio (16) . Two types of symptoms are exhibited on lettuce: (i) localized necrotic spots scattered on the leaf surfaces; and (ii) systemic infection starting with dark brown, water-soaked lesions along the margin of leaves that expand toward leaf veins and result in V-shaped lesions or dieback (16) . X. campestris pv. vitians strains also cause necrotic spots on pepper (Capsicum annuum L.) and tomato (Lycopersicon esculentum Mill.) (17) .
Studies comparing pathogenicity type on lettuce with phenotypic and genotypic characteristics among X. campestris pv. vitians strains have not been reported. Stefani et al. (22) and Yang et al. (29) divided X. campestris pv. vitians strains into two groups based on sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and fatty acid methyl ester (FAME) analysis, respectively. In both cases, the majority of the strains tested fell into one group, with a smaller group containing the pathovar-type strain LMG 937. Vauterin et al. (24) proposed on the basis of DNA hybridization and metabolic fingerprinting (Biolog) data that X. campestris pv. vitians be separated into two species: X. axonopodis pv. vitians, including the pathovar type strain LMG 937, and X. hortorum pv. vitians, including the reference strain LMG 938. This separation was later supported by repetitive extragenic palindromic (rep-PCR) fingerprinting analysis (25) . However, the studies were carried out with a small number of strains and could not assess the full range of variability in populations of these pathovars. Additional techniques, such as serology and amplification and sequencing of the rDNA spacer region have shown potential for estimating diversity within and between many Xanthomonas species and pathovars (2, 3, (12) (13) (14) 21) . The objectives of this study were to: (i) characterize X. campestris pv. vitians strains isolated from lettuce on the basis of biochemical, physiological, pathological, serological, and molecular criteria; and (ii) determine methods that may be useful for differentiation of X. campestris pv. vitians from other Xanthomonas species.
MATERIALS AND METHODS
Bacterial strains, culture conditions, and media. Bacterial strains (Table 1) were isolated and identified as described previously (16) . All strains were grown on yeast dextrose calcium carbonate (YDC) agar medium (10) at 27°C for 48 h and stored in sterile water at 15°C and in 15% glycerol at -80°C. All of the tests described below were done at least twice for all strains.
Pathogenicity and host range. All X. campestris pv. vitians strains were tested for pathogenicity as described previously (16) on lettuce (cv. Darkland), pepper (cv. Marengo), tomato (cv. OH88119), cabbage (Brassica oleracea L. var. capitata), kale and collard (B. oleracea L. var. acephala), radish (Raphanus sativus L. cv. Fuego), and horseradish (Armoracia rusticana P. Gaertn., B. Mey. & Scherb), all natural hosts of Xanthomonas species (11, 23) . Representative strains of X. campestris pv. vesicatoria and X. campestris pv. armoraciae pathogenic on pepper and tomato and pepper, tomato, cabbage, and radish, respectively, were used as positive controls. Inoculated plants were incubated in a greenhouse at 25 to 28°C and evaluated for characteristic local symptoms after 10 days and again 8 weeks later to assess systemic disease development as described previously (16) .
Starch hydrolysis and pectate degradation. All 44 strains of X. campestris pv. vitians were tested for the ability to hydrolyze starch and degrade pectin as described by Bouzar et al. (3) . GGGATTCAC-3) and ERIC2 (5-AAGTAAGTGACTGGGGT-GAGCG-3), and repetitive extragenic palindromic (REP)1R-I (5-IIIICGICGICATCIGGC-3) and REP2-I (5-ICGICTTATCIGG-CCTAC-3) (13, 14) . Template DNA was purified using a cetyltrimethylammonium bromide (CTAB) solution (2% CTAB, 1.4 M NaCl, 100 mM Tris-HCl [pH 8], and 20 mM EDTA) followed by a chloroform/isoamyl alcohol (24:1) extraction. DNA was recovered by isopropanol precipitation, redissolved in Tris-EDTA (TE) (10 mM Tris, 1 mM EDTA [pH 8]), quantified by spectrophotometry, and diluted to 20 ng/µl (18) . Rep-PCR was carried out using the amplification methods and programs described by Louws et al. (12) . Amplifications were performed in a thermocycler (Amplitron II, Thermolyne, Dubuque, IA). Sixmicroliter portions of amplified PCR products were separated by horizontal gel electrophoresis on 1.5% agarose gels in 0.5× Trisborate-EDTA (TBE) buffer (18) for 120 min at 70 V, stained with dilute ethidium bromide (1 µg/ml) and visualized using the NightHawk Image Analysis System (pdi, Huntington Station, NY). Normalization of the resulting banding patterns and cluster analyses (Dice Coefficient and Weighted Average Linkage) were performed using Diversity Database software (version 1.0) accompanying the NightHawk Image Analysis System. Amplification and sequencing of the 16S-23S rDNA spacer region. The 16S-23S rDNA spacer region of the bacterial strains was amplified by PCR using the oligonucleotide primers 4F (5-GGCTTGGATCACCTCCTT-3) and 7R (5-GGTTACCTTAG-ATGTTTCAGTTTC-3) (7). The 4F and 7R primer sequences correspond to positions 1525 to 1541 in 16S rDNA and 188 to 208 in 23S rDNA of Escherichia coli, respectively (4,7). PCR amplification of the target sequences was carried out according to the protocol described by Laguerre et al. (9) . The amplified DNA products were detected as described above, and analyzed for length polymorphisms. The amplified PCR products from the representative strains LMG 937, 700a, 701a, and LMG 938 were purified using QIAquick PCR purification kits (Qiagen Inc., Chatsworth, CA) according to the manufacturer's instructions. Direct sequencing of purified amplification products was performed twice at the Plant-Microbe Genomics Facility, The Ohio State University, Columbus, OH. Base calling and sequence quality were determined for both strands of the sequences generated using the software Phred (5,6). The software Sequencher (Sequencher 3.0, Gene Codes Corporation, Ann Arbor, MI) was used to assemble, edit, and generate sequences. Sequence alignments were performed and similarity values were calculated with the ClustalW algorithm in Mac Vector (Mac Vector 6.1, Oxford Molecular Ltd., Beaverton, OR) using default settings. GenBank, EMBL, DDBJ, and PDB databases were searched for sequence similarities using Gapped BLAST and PSI-BLAST programs (1). Phenetic analysis. Genetic relationships among X. campestris pv. vitians strains based on rep-PCR DNA fingerprints were determined by cluster analysis. Analysis was performed on combined ERIC, BOXA, and REP data sets. Bands from each gel were scored as present (1) or absent (0) and the resulting data matrix was analyzed by Minitab statistical software version 13.0 (Minitab Inc., State College, PA). Cluster analysis was performed with complete linkage and Euclidean distance option of the software. A dendrogram was also included in the package.
Nucleotide sequence accession numbers. The 16S-23S rDNA sequences of X. campestris pv. vitians strains LMG 938, LMG 937, 700a, and 701a have been deposited in the GenBank nucleic acid sequence database under the accession numbers AF537207, AF060175, AF060176, and AF060177, respectively.
RESULTS
Pathogenicity and host range. X. campestris pv. vitians strains were not pathogenic on cabbage, kale, collard, radish, horseradish, or zinnia, but caused necrotic lesions on pepper, tomato, and lettuce (Table 2) . Two groups (A and B) were identified based on disease reaction on a group of plant species. Most (70%) X. campestris pv. vitians strains, which were all isolated from lettuce in Ohio, were placed in Group A. These strains caused local and systemic disease on inoculated leaves and blight on stem and flower branches (16) . Most of the remaining strains (25%), including six Ohio, four California and one reference strain (LMG 938 = (NCPPB 2248), were placed in Group B. These strains induced water-soaked necrotic spots on lettuce leaves (cv. Darkland), but failed to cause a systemic infection. The strains LMG 937 (NCPPB 976 = ATCC 19320) and B-53 did not cause symptoms on lettuce. None of the tested strains of other Xanthomonas species and X. campestris pathovars, including X. campestris pv. vesicatoria, X. campestris pv. campestris, and X. campestris pv. armoraciae were pathogenic on lettuce.
Starch hydrolysis and pectate degradation. All X. campestris pv. vitians pathogenicity Group A and B strains tested were nonamylolytic and weakly pectolytic. Strains LMG 937 and B-53 were amylolytic and nonpectolytic.
Serotype. All X. campestris pv. vitians strains reacted with Xanthomonas genus-specific MAbs X1 and X11, but varied in their reaction with MAbs Xv5, Xv6, Xv8, Xv10, A11, and B35 (Table 3) . Two serological groups were identified and designated serovars A and B. These serovars corresponded to the two pathological groups identified (Table 3) . LMG 937 and B-53 reacted only with MAbs X1 and X11. Most of the strains (72%) reacted with seven of eight MAbs tested (Xv6, Xv8, Xv10, X1, X11, A11, and B35), and were placed in serovar A. The remaining strains reacted with all eight MAbs and were assigned to serovar B. The serological profiles of the strains representing the other Xanthomonas species tested were different from those of X. campestris pv. vitians (Table 3) . FAME analysis. X. campestris pv. vitians strains contained more than 30 fatty acids, seven of which (14:0, 15:0 iso, 15:0 anteiso, 15:0, 16:0 iso, 16:1 w7c and 16:0) were present in all strains with more than 1% of the total named peak area. No qualitative differences in FAME profiles were observed, but differences in the amount of the seven major fatty acids present were found (Table 4) . Pathogenicity Group B strains had significantly more 15:0 iso (24%) and 15:0 (1.8%), and less 16:0 iso (2.4%) 
z Symptoms: N = necrotic lesions; S = systemic disease; -= no symptoms; +/-= few small necrotic spots; and NT = not tested.
fatty Strains in Groups A and B were differentiated from each other based on differences in utilization of three carbon sources (Table  5) . LMG 937 did not metabolize D-melibiose and D-raffinose, which were utilized by Group A and B strains. It did utilize a-Dlactose, formic acid, a-hydroxybutyric acid, a-ketobutyric acid, glycyl-L-aspartic acid, L-serine, L-threonine and glycerol.
SDS-PAGE of proteins. SDS-PAGE protein
profiles of the selected strains tested included more than 40 reproducible bands of molecular weight ranging from 10 to more than 100 kDa (Fig.  1) . Protein profiles for strains in each group were distinct from one another. Except for a 20-kDa band present only in two Group A strains, protein profiles among the strains of each group were homogeneous. The protein fingerprints of Group A and B strains differed in two low molecular weight bands (26.6 and 27 kDa). A 26.6-kDa band was present in Group A but not in Group B. Similarly, a 27-kDa band was absent in Group A but present in Group B. Strains LMG 937 and B-53 displayed a unique banding pattern distinct from those of X. campestris pv. vitians Group A and B strains. Protein profiles of X. campestris pv. vitians Group A and B strains were dissimilar to profiles of X. campestris pv. vesicatoria strains.
Rep-PCR fingerprinting. Rep-PCR using BOXA, ERIC, and REP consensus primers generated complex fingerprint patterns consisting of 12 or more distinct bands ranging in size from 0.2 kb to approximately 4 kb. Group A and B strains of X. campestris pv. vitians formed unique banding patterns (Fig. 2) resulting in the two distinct clusters I and II (Fig. 3) . Group A strains were 85% similar while strains in Group B had similarity of 76%. The similarity between Groups A and B was 70%. Strains LMG 937 and B-53 had somewhat similar banding patterns and were clustered together with X. campestris pv. vesicatoria strain 110c. These strains were not closely related to the Group A and B strains (31% similarity). The X. campestris pv. vesicatoria strains were readily separated from all strains of X. campestris pv. vitians (Fig. 2) .
Amplification and sequencing of the 16S-23S rDNA spacer region. All strains of X. campestris pv. vitians and six other X. campestris pathovars contained a single spacer region. Direct sequencing of the PCR product from strains LMG 938, 700a, and 701a showed no sequence differences in this region, but similarity of these strains with LMG 937 was 95% (Fig. 4) . Comparisons of these sequences with GenBank, EMBL, DDBJ, and PDB databases (1) showed that the 16S-23S rDNA spacer regions of the X. campestris pv. vitians strains and LMG 937 contain the transfer RNA (tRNA) genes tRNA Ala and tRNA Ile . 
DISCUSSION
This study confirms our previous report (17) of an expanded host range of X. campestris pv. vitians. Our strains were pathogenic on lettuce, pepper, and tomato, but not on cabbage, kale, collard, radish, and horseradish. None of the other Xanthomonas species and pathovars tested (X. campestris pvs. vesicatoria, campestris, and armoraciae) caused symptoms on lettuce. Strains of X. campestris pv. vitians were separated into two groups (A and B) based on differential disease phenotype on lettuce. This separation was supported by monoclonal antibody, FAME, carbon substrate utilization, SDS-PAGE of proteins, and rep-PCR analysis. Group A strains caused necrotic spots and systemic disease, while Group B strains induced necrotic spots only. The pathovar type strain for X. campestris pv. vitians, LMG 937, and California strain B-53, both isolated from lettuce, did not cause symptoms on 'Darkland'. This is the first report of pathogenic variation among X. campestris pv. vitians strains. Previous studies consistently divided X. campestris pv. vitians into two groups based on molecular or biochemical characteristics (22, 24, 27, 29) . The groups consisted of a larger group including the pathovar reference strain LMG 938 and a smaller one containing LMG 937. In this study, LMG 937 was weakly pathogenic, producing a small number of necrotic spots on tomato and pepper but failed to induce symptoms on lettuce. Stefani et al. (22) also reported that LMG 937 was nonpathogenic on lettuce. This introduces the possibility that the pathovar type strain of X. campestris pv. vitians was misidentified or mislabeled, or that this particular strain isolated in 1917 lost pathogenicity on lettuce after many years in culture. In this study, reactivity with a panel of monoclonal antibodies and rep-PCR clearly differentiated LMG 937 from X. campestris pv. vesicatoria. Although Rademaker (15) grouped LMG 937 in the X. axonopodis cluster 9.5 by rep-PCR, it was distinct from X. campestris pv. vesicatoria (cluster 9.2) (X. axonopodis pv. campestris). LMG 937 was most closely related to X. axonopodis pv. malvacearum. It is possible that LMG 937 is pathogenic on other lettuce cultivars, but given its phenotypic and genotypic differences with Group A and B strains and the lack of host-cultivar specificity exhibited among X. campestris pv. vitians strains in lettuce (16), this is not likely. It is interesting that strain B-53, which is similar to LMG 937 and recently isolated, was also nonpathogenic on lettuce. Thus, the association of these strains with lettuce may be valid but their ecological relevance is unclear.
Whether Group A and B strains represent different species is open to question. The taxonomy of Xanthomonas species in general and X. campestris and X. axonopodis in particular is being reevaluated (20, 25, 29) . Previous studies (24, 29) have not shown significant variation among X. campestris pv. vitians strains. However, these studies were performed with a relatively small number of strains, which were grouped together with the pathovar reference strain LMG 938. This strain was placed in Group B in this study. However, the majority of strains isolated in Ohio were placed in Group A. While strains in both groups were aggressive on lettuce, the Group A strains may pose a more serious threat to lettuce production due to their systemic spread in the plant. Additional comparisons among strains from both groups are necessary to determine the taxonomic status of this pathovar. It was possible to distinguish X. campestris pv. vitians strains from several pathovars of Xanthomonas species causing diseases of vegetable crops.
The two pathogenicity Groups A and B of X. campestris pv. vitians could also be distinguished by serological profiles generated by monoclonal antibodies in indirect ELISA. Reactivity with a single antibody, Xv5, differentiated strains of Group A from Group B. In addition, X. campestris pv. vitians strains were clearly differentiated from other pathovars of X. campestris, indicating that ELISA, using the selected MAbs, is useful and reliable not only for characterization but also for identification of X. campestris pv. vitians strains.
The majority (59%) of the 44 X. campestris pv. vitians strains tested were not identified accurately at the pathovar level by Biolog profiles. This result confirmed a previous report (8) that identification of strains in different pathovars of X. campestris is difficult with the Biolog system due to the close relationship of those pathovars. Improvement of the current Biolog database by strengthening the library may help in use of this system for rapid and accurate identification of X. campestris pv. vitians strains in the future. The Biolog system has been used for characterization of X. campestris pv. vitians strains. Vauterin et al. (24) reported that two groups of X. campestris pv. vitians could be separated based on Biolog profiles and DNA hybridization data. They also proposed that these two groups should be reclassified as X. axonopodis pv. vitians and X. hortorum pv. vitians. Although they indicated that metabolic fingerprints obtained from the Biolog system could differentiate these proposed species, they did not name the differentially metabolized substrates. In our study, 10 of 95 carbon sources available in the Biolog system were useful for differentiation of the two distinct groups (A and B) of X. campestris pv. vitians. Two strains (LMG 937 and LMG 938) of X. campestris pv. vitians, defined as reference strains for the proposed species (24), X. axonopodis pv. vitians and X. hortorum pv. vitians, respectively, were included. LMG 937 could be distinguished from other strains of X. campestris pv. vitians based on utilization of the carbon sources: D-lactose, formic acid, glycyl-L-aspartic acid, L-threonine, and glycerol. Group A and B strains did not utilize these substrates. The other reference strain, LMG 938, was identified as a member of Group B. The differences between Group A and B strains were in the utilization of the substrate L-serine, which was metabolized by Group A but not Group B strains and the substrates a-hydroxybutyric acid and aketobutyric acid, which were utilized by Group B but not Group A strains. Therefore, these differential substrates can be used for characterization of X. campestris pv. vitians strains. In addition, it may be possible to develop selective media for detection and identification of X. campestris pv. vitians strains in two different groups by using these substrates as sole sources of carbon.
SDS-PAGE protein profile data confirmed previous results reporting the heterogeneity among X. campestris pv. vitians strains (22, 26) . Observation of two different SDS-PAGE profiles provides further evidence supporting the existence of two distinct subgroups of X. campestris pv. vitians. Our results also showed that strains of X. campestris pv. vitians and X. campestris pv. vesicatoria displayed quite distinct protein profiles. These results suggest that protein profiling can be used for differentiation of these pathogens when they are isolated from the same host (pepper or tomato).
Rep-PCR analysis differentiated X. campestris pv. vitians Group A and B strains from each other and from the X. campestris pv. vesicatoria strains tested. Rep-PCR has been demonstrated to differentiate pathovars of X. campestris and other species of bacterial pathogens with a high degree of resolution (12-15) ; we have shown that it can be a useful and efficient diagnostic tool for lettuce pathogens as well. Sequence analysis of the 16S-23S spacer region did not differentiate X. campestris pv. vitians Groups A and B but did distinguish them from LMG 937. Published 16S-23S rDNA nucleotide sequences are readily available through GenBank, which may facilitate the development of specific PCR primers to differentiate X. campestris pv. vitians from other Xanthomonas species and X. campestris pathovars for routine diagnostic use.
